Gas breakdown in atmospheric pressure microgaps with a cathode surface protrusion is highly sensitive to the protrusion geometry. The breakdown voltage is identified when the discharge enters the subnormal region, according to voltage-current curves calculated by a two-dimensional fluid model. The effects of the protrusion size and the aspect ratio on the gap breakdown voltage are examined. It is found that the protrusion size can have a more profound effect on the breakdown voltage than the protrusion's aspect ratio. The breakdown voltage versus the protrusion aspect ratio will show a minimum value if the aspect ratio varies in a wider range. Shrinking the size of cathode protrusion can increase the breakdown voltage faster than enlarging the gap distance in the absence of a protrusion in the same scale. The effect of the aspect ratio of the microgap on the breakdown voltage is also presented. Published by AIP Publishing. https://doi.org/10.1063/1.5037688
In recent years, microplasmas and microdischarges with characteristic lengths less than 1 mm have received growing attention because of their various prospective applications, including plasma display panels, ion sources, micro-electromechanical systems, micro-switches, and microchip devices. [1] [2] [3] [4] [5] With the rise of 3D printing capabilities, the fabrication technology enables increasingly complicated geometries in plasma devices down to the micron scale. 6, 7 However, controlling the surface finish of electrodes is difficult in micro-systems and absolutely smooth surfaces would maximize voltage hold-off. Even if this finish could be achieved during fabrication, surface roughening may still be introduced from "scratch-and-dig" during handling and assembly or from sputtering, micro-arcs and deposition, where surface features are created. Since at high pressure the discharge dimensions are sharply reduced with the pd scaling, gas breakdown characteristics can be more complex when the presence of a surface protrusion on the electrode becomes important. [8] [9] [10] [11] Recent studies distinguished the microdischarges driven by different emission mechanisms. For a direct-current (DC) microdischarge, it is ignited and maintained by secondary electron emission when the gap distance is greater than $10 lm, while the dominant mechanism becomes electron field emission when the gap distance is less than a few microns, especially with microprotrusions on the cathode surface. [12] [13] [14] The presence of the protrusion on the electrode surface usually leads to enhancement of the local electric field. 15 When the electric field at the cathode surface reaches the order of 10 9 V/m, field emission starts to play a key role. [16] [17] [18] [19] A comprehensive analysis on the field distribution and the current emission in the presence of a sharp protrusion in a finite cathode-anode gap was given by Zhang et al. 20, 21 However, under certain conditions, the presence of the surface protrusion does not necessarily bring the discharge into the regime with field emission. Levko and Raja employed a fluid model of a xenon microdischarge at 10 atm with a hemispherical protrusion on both anode and cathode and found that the discharge is mainly sustained by the secondary electron emission on the cathode. 22 For normal atmospheric discharges, the electric field is of the order of 10 7 V/ m, for which the presence of surface protrusions with a smooth tip, though leading to electric field enhancement, will not necessarily result in significant field emission. With a hemispherical protrusion on the cathode, the enhanced electrostatic field is only about 3 times the average field. 23 Depending on the protrusion geometry, the field enhancement can be either strong or weak and its impact on the discharge properties varies. 24 Despite extensive studies of microdischarges, the effects of surface protrusions on the gas breakdown characteristics have only been investigated under limited discharge conditions. This letter focuses on the impact of the cathode current emission enhancement caused by a smooth-tip electrode protrusion on the gas breakdown characteristics. Unlike the slow glow breakdowns or the streamer breakdowns in other situations, here gas breakdown with a cathode surface protrusion mainly occurs in the transition between the Townsend discharge regime and the subnormal glow discharge regime. With a hemi-ellipsoidal protrusion on the cathode surface, the breakdown voltage was quantified based on the voltagecurrent (V-I) characteristics using a two-dimensional fluid model. By adjusting the protrusion geometry, the effects of the size and the aspect ratio of the surface protrusion on the breakdown voltage and the cathode current emission were studied. The effect of the microgap aspect ratio (the gap length over the electrode radius) on the breakdown voltage was also examined.
The schematic of the microgap is shown in Fig. 1 . The microgap consists of two plane-parallel circular electrodes a)
Author to whom correspondence should be addressed: fuyangya@ egr.msu.edu with a single hemi-ellipsoidal cathode protrusion. A DC voltage is applied to the anode through a ballast resistor R b , while the cathode is grounded, as shown in Fig. 1(a) . The parameter d is the gap length, R is the electrode radius, and d eff is the effective (or minimum) gap distance, which is the length between the anode and the protrusion tip. The parameters a and b are used to define the geometry of the hemiellipsoidal protrusion, as shown in Fig. 1(b) . The aspect ratio a/b reflects the sharpness of the geometry shape. The coordinate is in the r-z plane, and the protrusion height a varies in the range of 25-100 lm.
The two-dimensional fluid model consists of a set of coupled equations, including the species continuity equations, electron energy conservation equation, and Poisson's equation. [25] [26] [27] The detailed description of the fluid model can be found in previous studies, and a short description is provided here for convenience. 28, 29 Argon gas at room temperature 300 K (0.026 eV) and one atmosphere is chosen as the working gas. In the cases studied, since the magnitude of the cathode electric field (10 6 -10 7 V/m) is much less than the field emission threshold ($10 9 V/m or larger), field emission is ignored and the discharge is sustained by ion-impact secondary electron emission at the cathode. [12] [13] [14] The normal flux of electrons emitted by the cathode is related to the flux of incident ions by an effective secondary emission coefficient c, which is fixed at 0.1. 30, 31 The equations of the discharge model are solved self-consistently to steady-state.
The voltage-current characteristic identifies the operating regime of the discharge. By increasing the applied voltage U dc gradually at small intervals in a sequence of simulations, a typical representation of the relationships between the applied voltage U dc , gap voltage U gap , and the discharge current I dis is obtained, as shown in Fig. 2(a) . It can be seen that the V-I curve is composed of three regimes, i.e., Geiger-M€ uller (G-M) regime, Townsend discharge regime, and subnormal glow discharge regime, which are delimited by current intervals. The G-M regime was historically used to measure the intensity of nuclear radiation, and the discharge current can be as low as 10 À16 A. 32 In this regime, as the applied voltage increases, the free charge physically contributed by random sources (such as cosmic radiations) can be absorbed by the electrodes, reaching a saturation point. In the Townsend regime, the gap voltage is roughly constant, while with a slight increase in the applied voltage, the discharge current increases by several orders of magnitude. As the applied voltage further increases, the V-I curve reaches a critical point, which is referred as the breakdown point, where the discharge enters the subnormal glow regime, showing a negative differential resistance behavior. The applied voltage was swept with sufficiently small steps to capture the V-I curve across different regimes. Figures 2(b) and 2(c) show the electron density distribution in the G-M and the Townsend regimes, respectively. In the G-M regime, the electron density is only of the order of 10 8 m
À3
and the gradient of the density is relatively flat in the radial direction. When the discharge reaches the Townsend breakdown point, the electron density has an order of 10 17 m À3 , which is typical for the atmospheric Townsend discharges or the early stage of subnormal glow discharges. The discharge current is still relatively small, the space charge has little influence, and the cathode sheath have not developed yet. 32 According to the obtained V-I curve, the breakdown voltage can be identified with an uncertainty less than 0.5 V without alternative criteria.
The effects of the protrusion aspect ratio and size on the breakdown voltages are shown in Fig. 3 . In Fig. 3(a) , when the protrusion is hemispherical (a ¼ b), as the protrusion size increases from 25 to 100 lm, the breakdown voltage decreases from 220 to 197 V. When the axial dimension a is fixed at 100 lm and the radial dimension b decreases from 200 to 50 lm, with the aspect ratio a/b increasing from 0.5 to 2.0, the breakdown voltage is found with little changes, from 200 to 197 V. The breakdown voltage is more sensitive to the protrusion size than the aspect ratio. This can be explained directly based on the self-sustained condition for Townsend discharges. The criterion for Townsend breakdown is expressed as
where a(z) is the electron impact ionization coefficient and is a function of the reduced electric field E/p. 33 For rare gases, a(z) can be expressed as
where p is the gas pressure, and A and B are fitted constants. Equation (1) means that for breaking down a gaseous gap, it is necessary to produce a sufficiently large number of ionizations by electron avalanches to self-sustain the discharge. 35 With the same field enhancement but a shorter effective distance d eff , the breakdown voltage is expected to be lower when the protrusion size on the cathode is larger, since according to Eq. (2), the ionization coefficient increases exponentially with ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
. This is indeed the case, as shown in Fig. 3(a) for the case of a ¼ b. On the other hand, with the same protrusion height but different radial dimensions, as the aspect ratio a/b increases, the electric field enhancement as well as the local ionization coefficient increases. Hence, with a larger aspect ratio, the breakdown voltage is supposed to be lower since the ionizations are enhanced and become more effective. However, only a slight drop of the applied voltage is observed in Fig. 3(a) for the case of a ¼ 100 lm. In order to examine the effect of the aspect ratio in a wider range, we carried out the simulations with more designed cases. In Fig. 3(b) , breakdown voltages were obtained with a fixed at 50, 75, and 100 lm, respectively, and the aspect ratio varies in a wider range, from 0 to 4.0. For a given a, the breakdown voltage as a function of the aspect ratio shows a minimum, being a Vshaped curve. The result reveals that the aspect ratio does not necessarily have a monotonic impact on the breakdown voltage. This behavior is very different from the expectation that the breakdown voltage will decrease if the protrusion becomes sharper. In the following, the emitted current density distributions on the cathode are investigated to find the reason for this. Figure 4 shows the characteristics of the current emission on the cathode. In all the cases, the protrusion height a is fixed at 100 lm. The cathode current enhancement is investigated with the radial dimension b ranging from 25 to 400 lm, corresponding to the aspect ratio in the range of 0.25-4. In Fig.  4(a) , the maximum current density J max ¼ J(0) is normalized with the averaged current density J av ¼ I dis /S cathode , where I dis is the total discharge current and S cathode is the total cathode surface area. It is observed that the current density enhancement J max /J av increases before reaching breakdown. Also, the larger the protrusion aspect ratio, the larger the current enhancement. When the applied voltage reaches the breakdown voltage, the current density enhancement reaches a maximum point, and after the breakdown point, it remains almost constant. The breakdown voltages shown in Fig. 4(a) are the same as those identified from the V-I curve in Fig.   2(a) . In Fig. 4(a) , taking the cases of a/b equals 1/4, 1.0, and 4.0, for example, the breakdown voltage drops first and then increases, which is also consistent with the result in Fig. 3(b) . Figure 4(b) shows the spatial distribution of the normalized surface current density in the radial direction, at applied voltage of 205 V. It can be seen that in all cases the current density drops orders of magnitude at the protrusion boundary, i.e., r/R ¼ 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8, and have a small rebound outwards. The current density distribution profile is distorted and becomes zero at the corner between the protrusion and the substrate. The current density is enhanced at the protrusion surface but becomes relatively small (orders lower) FIG. 4 . Characteristics of the cathode current density with different protrusions of which the protrusion height a is fixed at 100 lm and the aspect ratio a/b ranges from 1/4 to 4.0. (a) The maximum current density J max over the averaged current density J av against the applied voltage U dc ; (b) the normalized current density distributions J(r)/J max along the radial direction; and (c) the two-dimensional cathode surface current density distributions with the applied voltage U dc ¼ 205 V.
elsewhere on the cathode. The general effect is that with a surface protrusion, the effective emission area decreases while the current magnitude is enhanced in the center.
The two-dimensional current density distribution on the cathode surface with the applied voltage of 205 V is shown in Fig. 4(c) , where the effective emission area is inversely proportional to the current enhancement. Comparing the cases of the a/b equals to 4.0 and 1.0 in Fig. 4(c) , even though the maximum current density for a/b ¼ 4.0 is much larger than that for a/b ¼ 1.0, the total current for the case of a/b ¼ 4.0 is 6.02 Â 10 À2 mA, which is smaller than the total current of 8.62 Â 10 À2 mA for the case of a/b ¼ 1.0. Therefore, a sharper protrusion will not necessarily increase the total discharge current since the current density enhancement competes with the effective emission area under different conditions. That is, a sharper protrusion will not necessarily lower the breakdown voltage. This explains the right branch of the breakdown curves in Fig. 3(b) . As the aspect ratio increases, though achieved with a higher current density on the tip, the effective area decreases and the discharge requires a higher voltage to increase ionization frequency and a larger discharge current to ignite the breakdown.
In the cases studied above, the microgap's axial and radial dimensions are fixed, i.e., d ¼ R ¼ 500 lm, keeping the aspect ratio d/R ¼ 1.0. In Fig. 5(a) , the effect of the microgap's aspect ratio on the breakdown voltage is presented. The gap distance d is fixed at 500 lm, and the radial dimension R ranges from 200 to 1000 lm, with the corresponding aspect ratio d/R varying from 0.5 to 2.5. With and without a hemispherical protrusion, the breakdown voltage increases significantly as d/R increases from 1.0 to 2.5 while remains a constant when d/R 1.0. This shows that for both cases the smaller the electrode radius the higher the breakdown voltage, and the breakdown voltage saturates as the gap aspect ratio d/R becomes smaller than 1.0. This is due to radial diffusion of the charged particles and the similar behaviors of the aspect ratio d/R in low-pressure discharges are illustrated in Ref. 34 . For a cylindrical column with radius R, the loss rate coefficient k loss of transverse diffusion is inversely proportional to the square of the radius R, i.e., k loss / D a Á ðv 01 =RÞ 2 , where v 01 ¼ 2.405 is the first zero of the Bessel function of zero order and D a is the ambipolar diffusion coefficient. 35 In a microgap with a smaller radius, the radial loss rate coefficient is higher and the radial diffusion loss of the charged particles is more significant; thus, a higher breakdown voltage is needed to increase ionization and compensate the radial loss. As the radial dimension increases, the transverse diffusion loss becomes saturated and the breakdown voltage remains the same. This is so for gaps with and without a surface protrusion on the cathode. In Fig. 5(b In summary, the gas breakdown in microgaps at atmospheric pressure with the presence of a cathode protrusion has been investigated. Based on the V-I curve calculated by a two-dimensional fluid model, the breakdown voltage is identified when the discharges go through the Townsend discharge region and enter into the subnormal glow region. The presence of the cathode protrusion will enhance the current density on the tip while making the effective area of the current emission decrease. The protrusion size can have a more profound effect on the breakdown voltages than the protrusion's aspect ratio in the cases studied. When the protrusion height is fixed, the breakdown voltage shows a minimum value as the protrusion aspect ratio increases. It has also been observed that as the aspect ratio of the microgap decreases, its influence on the breakdown voltage diminishes and saturates when d/R 1.0. The breakdown voltage with and without the protrusion increases linearly at the same slope as the gas distance d increases. By decreasing the protrusion size, the breakdown voltage increases with a larger slope as the effective distance d eff increases. This study elucidates the gas breakdown in a microdischarge with a surface protrusion and provides insights to system variability due to inherent or usage induced roughness, which might also be strategic to pre-roughen surfaces to values expected during use to reduce system variability. Future work includes the consideration of ionization distribution in the domain to further understand the non-monotonic breakdown behavior, the non-local kinetic treatment of electrons to more accurately describe the discharge, 36, 37 and the modified Paschen's curve with the perturbation of surface protrusion. 
